INTRODUCTION
Esophagitis is characterized by inflammatory cells and morphological changes to the esophageal epithelium, including basal zone hyperplasia and elongation of vascular papillae. Esophagitis can be caused by a variety of insults including acid reflux disease and infection, but over the past two decades a new disease termed eosinophilic esophagitis (EoE) has emerged. A clinical review and consensus statement 1 defined EoE as у 15 intraepithelial eosinophils per × 400 high-power field along with the exclusion of other causes of esophagitis. In EoE, eosinophils are recruited to the esophagus and are activated, releasing inflammatory mediators, leading to tissue injury ( Figure 1 ). Clinical manifestations are varied but commonly include dysphagia, food impaction, and retrosternal or epigastric pain. 2 The patient population is predominantly male and many patients have concomitant atopic disease. 3, 4 EoE appears to be increasing in incidence, 5 -10 along with other immunologic diseases. 11 The molecular mechanisms of this disease are the subject of much ongoing investigation. Multiple cytokine-driven mechanisms specific to EoE have been identified along with a unique gene expression profile. A comprehensive understanding of the etiology and pathogenesis of EoE will help direct future therapeutic strategies. In this review,
we will summarize what is currently known about the molecular mechanisms of this immunologic disease from human and animal studies.
CELL TYPES INVOLVED IN EoE The eosinophil
The defining histological characteristic of EoE is high numbers of intraepithelial eosinophils. Over time, eosinophils likely evolved as specialized antiparasitic leukocytes. In the western world, eosinophils are most commonly associated with atopic inflammation but are also present during a variety of diseases including autoimmune disorders, inflammatory bowel disease, as well as drug and food sensitivity. Eosinophils derive from CD34 + myeloid precursors in bone marrow and their development is regulated by interleukin (IL)-5. 12 IL-5 is also the principle cytokine regulating blood eosinophil number. Eosinophils survive for ~ 8 -18 h in circulation. 13 Survival time in tissue is for ~ 2 -14 days, 14 and can vary depending on the local cytokine milieu. 15 In general, eosinophil recruitment from blood to tissue in humans is influenced by a host of proinflammatory and chemoattractant cytokines, secreted by an organ in response to IL-4 and IL-13. 12 The eotaxin proteins (eotaxin-1, -2, and -3, Understanding eosinophilic esophagitis: the cellular and molecular mechanisms of an emerging disease
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Eosinophilic esophagitis (EoE) has been increasingly recognized as a unique clinicopathological entity over the past two decades. In this short time, the mechanisms of a complex disease have begun to emerge. Patient studies suggest that EoE is an immunologic disease related to atopy. At the cellular level, eosinophils, mast cells, and B and T lymphocytes are increased in the esophageal mucosa in a patchy distribution throughout the length of the esophagus. Laboratory investigations have implicated aeroallergens, food allergens, and a unique T helper type 2 cytokine profile. EoE appears to be an antigen-driven hypersensitivity reaction characterized by a mixed IgE-dependent / delayed-type reaction and a distinct cascade of cytokines and growth factors. The causative events that lead to EoE in humans remain unknown.
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also known as CCL (chemokine (C-C motif) ligand)11, CCL24, and CCL26, respectively) and leukotriene B 4 are highly potent eosinophil chemoattractants. The three eotaxins are not closely related genetically, but have similar properties with regard to eosinophil recruitment. Eosinophils expressing very late antigen-4 and P-selectin glycoprotein ligand-1 bind to vascular cell adhesion molecule-1 and P-selectin, respectively, and migrate into tissue. 16, 17 Chemoattractant cytokines and chemokines draw eosinophils into tissue via integrin-mediated migration. 18 Eosinophils express the integrins 4 1 , 6 1 , M 2 , L 2 , X 2 , D 2 , and 4 7 . 18 Activation of eosinophils can result from interaction with cytokines (including IL-3, IL-5, and granulocyte macrophage-colony-stimulating factor), lipid and inflammatory mediators, and from immunogenic antigen exposure, although this may not occur directly. 13 Activation leads to release of arachadonic acid metabolites and reactive oxygen species followed by secondary release of cytokines, growth factors, and other protein mediators such as eosinophil-derived neurotoxin, eosinophil peroxidase, eosinophil cationic protein, and major basic protein (MBP). 19 These secondary proteins are generally cytotoxic and further increase local reactive oxygen species, in addition to stimulating mast cell degranulation. MBP is the most common mediator and accounts for > 50 % by mass of the eosinophil secondary granule. 20 Many cytokines are produced by eosinophils such as interleukins, interferons, chemokines, and growth factors. 21 The primary function of the eosinophil may be to act as an end-effector cell in antiparasite and atopic disease.
Normally, eosinophils are not present in the esophageal mucosa. In patients with EoE, esophageal eosinophil counts fluctuate but remain elevated for long periods. 22, 23 Intraepithelial eosinophils can be seen throughout the mucosa or clustered in discrete regions, occasionally forming microabscesses, defined as у 4 eosinophils in a cluster. 1 Eosinophils display signs of activation and degranulation even as they extravasate into the esophageal mucosa. 24 The recruitment of eosinophils and subsequent release of granule mediators are likely responsible for the accrued injury to the esophagus in EoE, which in turn leads to symptoms. Eosinophil recruitment and the eotaxins . A highly conserved gene expression profile, which includes increased eotaxin-3, is seen in EoE patients, independent of other clinical variables such as age, gender, and atopic status. 25 This expression profile is not associated with gastroesophageal reflux disease (GERD), which is an interesting finding as esophagitis caused by acid reflux, especially in children, is also characterized by eosinophils. 25 Many studies have investigated expression of eotaxin-3 in patients with EoE. Blanchard et al. 25 found increased eotaxin-3 (mRNA and protein) in esophageal biopsies of EoE patients and these correlate with eosinophil counts. A correlation ( r = 0.32) was found by Konikoff et al. 26 between eotaxin-3 protein level in peripheral blood and esophageal eosinophilia, but eotaxin-1 and -2 protein levels did not correlate. Bhattacharya et al. 27 found increased eotaxin-1, -2, and -3 in EoE. This group did not find a correlation between eotaxin-3 and tissue eosinophilia in EoE. Another study did not find increased eotaxin-3 mRNA in EoE, but no housekeeping gene was used to control for relative sample differences. 28 Vascular cell adhesion molecule-1 expression is increased on the esophageal endothelium of patients with EoE and correlates positively ( r = 0.61) with infiltrating eosinophil number. 29 Application of IL-15 to esophageal epithelial cells (which express IL-15R ) induces eotaxin-1, -2, and -3 expression. 30 IL-15 is a cytokine related to IL-2 in its structure and ability to potentiate activated T-cell responses. IL-15R -deficient mice were protected from experimental EoE, even while the significant lung eosinophilia associated with this model persisted. 30 A single-nucleotide polymorphism in the untranslated region of the eotaxin-3 gene is associated with patients who have EoE. 25 In patients taking topical fluticasone for EoE, eotaxin-3 expression was decreased from pretreatment levels. 31 Animal studies have found that intratracheal IL-13 administration resulted in dose-and eotaxin-dependent esophageal eosinophilia, 32 although this finding may be indirect as IL-5 knockout mice did not develop experimental EoE after the same treatment. 32 IL-15 is also able to induce eotaxin expression in the murine esophagus. 30 In an ex vivo model, using isolated rings of esophageal tissue, IL-4 and IL-13 were directly able to induce eotaxin-1, followed by eotaxin-2 expression. 33 The transcription factor signal transducer and activator of transcription 6 (STAT6) is activated by IL-4 and IL-13 in these models. 32, 33 Eotaxin induction followed by esophageal eosinophilia was also observed in mice exposed to aerosolized insect allergens. 34 Eotaxin-deficient animals exposed to the same allergens did not develop experimental EoE. 34 No gene homologous to human eotaxin-3 has been found in mice. C-C chemokine receptor 3 (CCR3) . The cysteine -cysteine motif containing chemokine receptor 3, CCR3, receives signals from multiple T helper type 2 (Th2)-associated chemokines including eotaxin-1, -2, -3, and CCL5 (RANTES (regulated upon activation, normal T-cell expressed, and secreted)). 35 In EoE, expression of CCR3 is increased 27 and correlates positively with esophageal eosinophil number ( r = 0.71) and biopsy eotaxin-3 REVIEW message ( r = 0.68). 36 Murine experimental EoE induced by intranasal exposure to either the mold Aspergillus fumigatus or dust mite or cockroach antigen, requires CCR3 to illicit esophageal eosinophilia. 25, 34 The chemokine CCL5 (RANTES) is increased on inflammatory cells in biopsies from patients with EoE and may contribute to lymphocyte and eosinophil chemotaxis. 37 Eosinophil granule products . In EoE, inflammatory products from eosinophil secondary granules include: eosinophil-derived neurotoxin, 38 eosinophil peroxidase, 39 eosinophil cationic protein, 40 and MBP. 41 Eosinophil-derived MBP acts on esophageal epithelial cells in vitro , leading to secretion of fibroblast growth factor 9 (FGF9). FGF9 acts through an autocrine mechanism to induce basal cell hyperplasia. 42 Eosinophils in EoE also express transforming growth factor-1 (TGF-1 ), which is known to induce fibrosis. 29 This growth factor activates SMAD2 / 3 signaling in epithelial and lamina propria cells. 29 Thus, it appears that eosinophils can contribute to the tissue changes associated with EoE. Other eosinophil products . Leukotrienes are known to have a role in eosinophil-derived inflammation in other tissues; however, cyclooxygenase-2 expression is downregulated in EoE. 43 The concentration of leukotrienes in EoE pediatric patient biopsies is not increased over normal patient biopsies, whereas children with eosinophilic gastroduodenitis did have increased leukotriene levels. 44 These findings support a unique mechanism of EoE pathogenesis that is distinct from other gastrointestinal diseases with eosinophilia.
The mast cell
Mast cells are derived from CD34 + progenitors in bone marrow, the same granulocyte precursor cells as eosinophils. Mast cell differentiation is regulated by the surface c-kit receptor (CD117), which is activated by stem cell factor. 45 The stem cell factor also induces mast cell chemotaxis and proliferation and increases longevity. 45 Mast cells are not easily seen on routine pathology stains and are commonly identified by immunohistochemistry for tryptase. 46 Mast cells depend on 4 7 integrin to enter the gastrointestinal mucosa. 47 Unlike eosinophils, mast cells mature and undergo mitosis in tissue.
The best-characterized function of mast cells involves their role in immunoglobulin E (IgE)-mediated immediate hypersensitivity, a hallmark of allergic disease. IgE binds to its high-affinity receptor (Fc RI) on the mast cell surface and can then bind to divalent antigen, leading to activation and degranulation. Many products of mast cell activation, including histamine, cytokines, and eicosanoids, are known to attract eosinophils. 48 In the normal esophageal mucosa, mast cells reside at the basement membrane and in the lamina propria. 49 Intraepithelial mast cell numbers are increased in EoE. 28, 37, 50, 51 When aerosolized ovalbumin was used to induce esophageal eosinophilia in guinea pigs, mast cells preceded eosinophils into the epithelium, 52 as they do in other tissues. 53 Additionally, in this model, histamine release peaked 2 min after ovalbumin exposure and was followed by sustained C-fiber hyperexcitability. 54 In a mouse model of eosinophilic esophagitis, mast cell number was significantly increased after intranasal exposure to cockroach and dust mite allergen. 34 IgE is bound to mast cells in EoE, 55 and this interaction may be responsible for the increased mast cell degranulation that occurs in EoE. 56 As mast cells are present in the esophageal mucosa before the inflammatory response of EoE, and based on the findings from the guinea pig model, it is possible that mast cells are involved in the etiology of EoE. Mast cell counts in EoE correlate with eotaxin-3 level, 25 intraepithelial eosinophil count, 57 and basal zone hyperplasia 57 ( r = 0.42, 0.37, and 0.67, respectively). Gene array results revealed 301 genes whose expression correlates with esophageal mast cell count. 56 Expression of carboxypeptidase A3 has the strongest relation to mast cell number and degranulation activity (number per high-power field and degranulation). 56 It should be noted that mast cells and eosinophils are features of reflux-induced esophagitis, 58 infectious esophagitis, 59 and Barrett ' s esophagus. 60 Therefore, mast cells and eosinophils may be nonspecific features of esophagitis in general, with increased numbers seen in atopic individuals. Mast cells in EoE therapy . In a study by Lucendo et al. , 50 mast cell number was not statistically decreased in adult EoE patients after 3 months of glucocorticoid therapy (fluticasone propionate, 500 g, b.i.d), but IgE + cell count was significantly reduced. In a randomized clinical trial for pediatric EoE, mast cells were significantly decreased by 3 months of fluticasone treatment (880 g, b.i.d.). 61 Treatment of EoE with a mast cell stabilizer (cromoglycic acid, 100 mg q.i.d for 1 month) did not have any effect on eosinophil counts or symptoms in a small pediatric cohort (14 patients). 62 Alternatively, biologic therapy using an antibody directed against IL-5 did not significantly decrease mast cell number vs. placebo in adult EoE patients. 63 The B lymphocyte B lymphocytes are bone marrow-derived CD20 + cells that are responsible for antibody production. Naive B cells express IgM isotype antibody and undergo class switching following activation to other isotypes including IgG, which is the most abundant circulating antibody, and IgE, which has a major role in atopic disease. 64 Once IgE is secreted from B cells, its primary mechanism of action is to bind to mast cells in tissue, awaiting antigen. The activation of IgE + B cells is dependent on Th2 cells. 65 In EoE, B cells identified by CD20 immunostaining are present in the esophageal mucosa, 37, 55 but are not present in higher numbers than in GERD patients. 37, 50 Mucosal biopsies from patients with no esophageal pathology do not have intraepithelial B cells. 37, 55 Intraepithelial B cell number correlates with mast cells ( r = 0.74), but not eosinophils. 55 B-cell class switch to IgE, as evidenced by switch circles, may occur in the esophageal mucosa in a subset of EoE patients. 55 In experimental murine EoE, induced by intranasal A. fumigatus , the resident B-cell population is approximately doubled. 66 In this model, mice deficient in B cells have significantly decreased eosinophil numbers in their bronchoalveolar lavage fluid, but eosinophil numbers in the esophagus remain the same. 66 It is likely that B cells have a role in EoE pathogenesis, although the evidence implies that they are not a critical component of the disease development.
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Immunoglobulins . IgE has a central part in the pathogenesis of many atopic disorders, 13 but its role in eosinophilic gastrointestinal diseases is unclear. Clinically, EoE is sometimes associated with IgE-mediated disorders of the airway or gastrointestinal tract. 67 IgE-positive cells are increased in the esophageal mucosa of some patients with EoE, 51, 55 but not detectable in esophageal biopsies from normal patients, 37 those with GERD, 50 or those on fluticasone therapy. 50 IgE binds to mast cells in EoE (as demonstrated by double labeling for c-kit and IgE). 55 The presence of IgE + c-kit -cells in the esophageal mucosa in EoE implies the presence of IgE-secreting B cells, although evidence for this is indirect. 55 Mice sensitized with epicutaneous ovalbumin followed by a single intranasal administration develop EoE and specific IgG1 for ovalbumin and have markedly increased total IgE levels. 68 This process is STAT6, IL-4, and IL-13 dependent, but is independent of IL-5. 68 Similar induction of specific IgG1 and total IgE can be found in mice exposed to A. fumigatus , and dust mite and cockroach allergens. 34, 66 These studies support a role for B cells in EoE that is independent of eosinophils.
A significant number of EoE patients have food and environmental sensitization, and IgE-positive cells in the esophageal mucosa; however, it is unknown how IgE contributes to the disease. Patients with established IgE-mediated food allergy who are then diagnosed with EoE are typically avoiding those foods. Elimination of food antigen with amino acid-based elemental diet is an effective treatment in some individuals. This may have important implications for the pathophysiology of EoE, although elemental diets have effects beyond the removal of antigenic peptides. It is possible that the presence of IgE-positive B cells and mast cells in the esophageal mucosa is incidental. Future studies will be required to fully understand the contribution of IgE to EoE, and to identify potential food or environmental antigens that trigger the inflammatory response in individual patients.
The T lymphocyte
A variety of intraepithelial T cells are found in the normal esophagus and are more numerous in esophagitis. In EoE, CD3 + , CD4 + , and CD8 + T cells are increased in the esophageal mucosa and can be decreased with corticosteroid treatment. 50, 69 Peripheral blood mononuclear cells (which are ~ 75 % T cells) have been isolated from EoE patients and stimulated with phytohemagglutinin, which caused increased IL-13 production but not IL-5 or interferon-production. 37 In a subsequent study, some EoE patient peripheral blood mononuclear cells produced IL-5 and IL-13 in response to specific allergens. 70 This experimental model differs from subsequent studies (discussed below), which measured cytokine expression from unstimulated peri pheral blood mononuclear cells or in specific T-cell subsets. One study of eosinophilic gastrointestinal disease and food allergy found that the Th2 response can be subdivided into an IL-5 + response, associated with the eosinophilic disease, and an IL-5 -response, associated with food allergy. 71 T helper cells . EoE is a disease associated with a Th2-type inflammatory response. 37, 72 Th2 cytokines such as IL-4, IL-5, and IL-13 are expressed by T cells from peripheral blood of EoE patients and are increased in esophageal mucosal biopsies. 55, 73 It is interesting to note that Th1-associated cytokines are also part of the inflammatory response in EoE. Th1 cytokines present include tumor necrosis factor-(expressed by esophageal epithelial cells) 37 and interferon-(upregulated in peripheral blood T cells, 71 increased in esophageal mucosa biopsies, 74 and increased following IL-15 treatment of T helper cells 30 ). Increased T helper cells are part of experimental EoE in mice. 66 T helper cell-deficient mice do not experience esophageal eosinophilia but do have epithelial basal zone hyperplasia. 66 We have recently shown that the esophageal epithelial cell line, HET-1A, is capable of antigen presentation to CD4 + T helper cells. 74 T cells clonally multiplied in response to epithelial cells primed with both antigen and interferon-. 74 IL-4 . In general, IL-4 is thought to be responsible for initiating the Th2 response through differentiation of naive T helper cells into Th2 type cells. The initial source of IL-4 in atopic disease remains unclear, but it is produced by T helper cells during the inflammatory response. 75 IL-4 mRNA is increased in the mucosa of patients with EoE. 55 T helper cells express IL-4 in response to IL-15 treatment. 30 IL-5 . IL-5 has a major role in many eosinophil-related disorders by acting on the bone marrow as an eosinophil differentiation factor and activator. In EoE, mRNA 75 and protein expression 73 of IL-5 is significantly increased, but plasma IL-5 does not correlate with esophageal eosinophil number. 26 Mice that overexpress IL-5 have intense esophageal eosinophilia. 77 Eotaxin-deficient mice that overexpress IL-5 can still develop experimental EoE, although to a much lesser extent than isogenic wild-type mice. 77 Variable downregulation of IL-5 expression is seen following fluticasone treatment. 78 IL-13 . IL-13 appears to activate the local tissue inflammatory response in Th2-associated diseases. In the esophagus, IL-13 is increased at the mRNA level in EoE patient biopsies. 55, 79 IL-13 decreases esophageal epithelial cell differentiation, a process that may be critical for maintaining the barrier function of the esophageal mucosa. 80 Additionally, IL-13 acts through STAT6 on esophageal epithelial cells to upregulate eotaxin-1, 81 eotaxin-2, 81 and eotaxin-3 production. 79, 80 In mice, intratracheal administration of IL-13 caused eosinophil accumulation in a dose-dependent manner, 32 whereas human anti-IL-13 (CAT-354) was able to significantly decrease murine experimental EoE. 82 IL-13-deficient animals develop EoE in response to ovalbumin but not in response to aerosolized A. fumigatus . 68 IL-13 is also expressed in circulating eosinophils in EoE patients. 83 Cytotoxic T cells . The increased number of CD8 + cells in the esophageal mucosa in EoE 50 is decreased following fluticasone therapy. 61, 78 This effect is more marked in nonallergic EoE patients. 84 A. fumigatus -induced murine EoE features increased cytotoxic T cells. 66 Cytotoxic T cell-deficient mice still develop characteristic eosinophilia and basal zone hyperplasia in this model. 66 T regulatory cells . " Regulatory " is a general term for multiple lineages of T cells (e.g., FoxP3 + and CD45RB low cells) that secrete anti-inflammatory cytokines and function to dampen REVIEW the immune response. Because of the multiplicity and similarity in surface markers between regulatory and pathogenic T cells, immune inhibitory cells have proven difficult for immunologists to identify and study. Increasingly, an imbalance in T regulatory cells is being implicated in chronic immunologic diseases. 85 In mice with A. fumigatus -induced EoE, CD4 + CD45RB low regulatory T helper cells are decreased and express less IL-2 compared with control animals. 86 This finding identifies a potential role for T regulatory cell imbalance in EoE. Reconstitution of T cell-deficient mice (Rag2 -/ -) with a relatively small number (3 × 10 4 ) of CD4 + cells causes severe esophageal eosinophilia. 87 Disease can be prevented by increasing the number of CD4 + cells (2 × 10 6 ) or pretreating animals with CD25 + T regulatory cells. 87 Thus, the interaction between lymphocyte subtypes may have a role in the etiology of EoE.
A pediatric study of 10 normal, 8 GERD, and 10 EoE cases revealed increased T regulatory (FoxP3 + ) cells in both GERD and EoE biopsies, but there was no statistically significant difference in T regulatory cell numbers between GERD and EoE. 88 This implies that the T regulatory cell response in the esophagus may be nonspecific. The divergent findings regarding regulatory T-cell alterations in the animal model 86 and human disease 88 may be because of differences in study design. Each study investigates a different T regulatory cell (CD4 + CD45RB low in the mouse model and FoxP3 + in the human disease). In the animal model, the findings are also based on circulating, tissue, and regional lymph node T-cell populations, whereas only tissue biopsies were examined in the human study.
A subset of T cells, identified by " cutaneous lymphocyte antigen " expression are present in EoE and unchanged by fluticasone treatment. 69 The function of cutaneous lymphocyte antigenpositive T cells is unknown, but its expression is associated with homing to the epidermis 89 and also with memory function. 90 
Antigen-presenting cells (APCs)
Dendritic cells and macrophages present antigen to lymphocytes and provide a link between the innate and adaptive immune systems. The number of APCs seen is not a good indicator of their function, as APCs may activate an immune response in tissue or in draining lymph nodes. CD1a + dendritic cells are present in low numbers in the esophageal mucosa. 50 The number of CD1a + cells is unchanged in normal, untreated EoE, and post-fluticasone therapy adult EoE biopsies. 50 In children with EoE, CD1a + cells are increased in the proximal esophagus but decrease to normal levels after fluticasone treatment. These cells are not increased in the distal esophagus. 69 Increased numbers of what are mostly dendritic cells (CD45 + CD11c + MHC class II + cells) and mostly macrophages (CD45 + CD11b + MHC class II + cells) are present in the esophageal mucosa of mice with A. fumigatus -induced EoE. 30 It is important to note that the surface markers used to identify the APC subtypes in this study may include additional cell types. Presentation of antigen by professional APCs may be an initiating event in the cytokine cascade that leads to EoE.
We have recently characterized esophageal epithelial cells as potential nonprofessional APCs in EoE. 74 Esophageal epithelial cells process and present antigen in vitro, and epithelial MHC class II expression in patient biopsies points to the possibility that antigen presentation has a role in the pathogenesis of EoE.
The epithelial cell
The esophageal epithelium is a nonkeratinized, stratified squamous barrier lining the luminal surface. Regenerative basal cells lie in the layers closest to the basement membrane and mature and replace the superficial cells as they are sloughed off at the luminal surface. 49 Basal cells express KI-67 and are commonly identified by the KI-67 immunostaining (a cellular proliferation marker), 5-bromo-2-deoxyuridine incorporation (metabolic activity), or simply by morphological features (high nucleus / cytoplasm ratio). Basal hyperplasia . Hyperplasia of the basal cells is a characteristic of esophagitis in general. Most studies demonstrate that epi thelial cell hyperplasia is more marked in EoE vs. GERD, 91 although one study found no difference. 43 Basal cell hyperplasia correlates with intraepithelial eosinophil ( r = 0.68) and mast cell ( r = 0.71) number. 25 EoE-induced basal cell hyperplasia is decreased by fluticasone propionate treatment 84 in both the proximal and distal esophagus. 61 In mice repeatedly challenged with A. fumigatus or intratracheal IL-13, esophageal eosinophilia and basal hyperplasia occur in a STAT6 / IL-5-dependent manner. 32, 92, 93 These data indicate that the inflammation of EoE affects the functions of esophageal epithelial cells. Growth factors . Multiple growth factors known to contribute to epithelial cell proliferation have been linked to the reactive changes that occur in EoE. FGF9 is secreted by esophageal epithelial cells in vitro in response to the eosinophil product MBP. 42 FGF9 then acts in an autocrine manner to increase epithelial cell proliferation. 42 FGF9 is increased in EoE and correlates with basal hyperplasia ( r = 0.51). TGF-1 activates receptor-regulated SMAD2 / 3 signaling in epithelial cells and may then act to alter epithelial cell gene expression. 29 Periostin, a cell adhesion factor, is overexpressed in gene arrays of patients with EoE 25 and correlates with eosinophil number ( r = 0.64). 94 Periostin is secreted from primary esophageal epithelial cells when they are treated with IL-13 in a dose-dependent manner, but this production is inhibited by concurrent TGF-treatment. 94 Cytokines . A remarkable similarity exists between gene expression profiles of mucosal biopsies from patients with EoE and primary esophageal epithelial cells treated with IL-13. 79 STAT6-dependent eotaxin-3 expression (and protein secretion) is increased in primary esophageal epithelial cell cultures treated with IL-13 and in esophageal squamous carcinoma cell lines (TE-1, -6, -7, and -13) in an IL-13 dose-dependent manner. 79 IL-13-induced murine EoE is also enhanced by deletion of IL-13 receptor 2 (IL-13R 2), implying that cytokine receptor subtypes may alter the expression of EoE. 95 The IL-13R is a dimer composed of the IL-4R subunit and either the functional IL-13R 1 or the decoy IL-13R 2 subunit. IL-13R 2 is thought to function as a decoy receptor, which thwarts the cytokine ' s function by preventing STAT6 activation when IL-13 binds. Epithelial differentiation-associated genes such as filaggrin and SPRR3 ( small proline rich region protein 3 ) are downregulated in both REVIEW EoE and in primary epithelial cell cultures treated with IL-13. 80 Biopsies from EoE patients taking glucocorticoids have a gene expression profile similar to normal patients. 79 Glucocorticoids act on esophageal epithelial cells to inhibit IL-13 induction of eotaxin-3. 96 This process is mediated by glucocorticoid-induced expression of FKBP51 (FK506 binding protein 5). 96 Esophageal epithelial cells express tumor necrosis factor-, but not IL-5. 37 
Fibrosis and fibroblasts
Fibrosis has been associated with EoE. 57 To our knowledge, the role of fibroblasts has not been directly studied in EoE. In pediatric patients, fibrosis, TGF-1 , expression and SMAD2 / 3 phosphorylation are all increased, 41 but can be decreased by corticosteroid treatment. 97 Mucin 5AC and TGF-1 mRNA expression is increased in both A. fumigatus -induced murine EoE and in the human disease. 93 In the murine model of EoE, animals treated with A. fumigatus had increased collagen thickness. 93 
Other cell types
The roles of basophils, neutrophils, and neurons have not, to our knowledge, been investigated in EoE. Neutrophils are rare in EoE, 98 but this does not preclude them from having a functional role in disease pathogenesis.
GENETIC AND SYSTEMS APPROACHES TO EoE
Gene arrays and genome-wide association study . Gene array techniques have identified eotaxin-3 polymorphisms 25 and cytokine 55, 79 and growth factor 42, 94 overexpression and gene alterations after therapy 79 in EoE. The finding that EoE is associated with a highly conserved gene expression profile 25 has allowed for a genome-wide association study. Instead of identifying and investigating individual candidate genes in a population, a genome-wide association study can study the entire gene expression profile of a population. To date, 351 EoE patients and 100 and help to elucidate underlying disease mechanisms. Humanized monoclonal antibody directed against IL-5 (mepolizumab) has shown promise in treating various eosinophil-related disorders. 101 In a double blind, placebo-controlled trial in adult EoE, mepolizumab did reduce esophageal eosinophilia but not below diagnostic levels, nor did clinical features improve. 63 The results of a larger pediatric trial of mepolizumab for EoE have not yet been published. Alternative biologic therapies for EoE are being investigated ( Table 1 ) . A second humanized monoclonal antibody against IL-5, reslizumab, is in trials for treatment of pediatric EoE. 102 IL-13 has a central role in EoE pathogenesis and the anti-human IL-13 monoclonal antibody CAT-354 diminished IL-13-induced EoE in mice. 82 Additional biologic clinical trials targeting prostaglandin receptor DP 2 (OC000459), IgE (omalizumab), and IL-13 (QAX576) are registered. A trial of tumor necrosis factor-antibody (infliximab) for severe, refractory EoE in three patients did not alter histology or symptoms. 103 
CONCLUSIONS: THE RAPIDLY EVOLVING CONCEPT OF EoE
EoE has emerged as a distinct disease entity since the early 1990s, and since then, a large body of research has been generated. Human studies from pediatric and adult populations as well as animal models have begun to elucidate the cellular and molecular mechanisms of this disease. A system of complex immunologic processes is emerging, which feature the interaction of both immune and nonimmune cell types ( Figure 2 ) .
Although the inciting factor(s) are unknown, this disorder appears to be triggered most commonly in atopic individuals. This may be related to a milieu of circulating or tissue-derived Th2 cytokines and chemokines that attract and activate eosinophils. Eosinophils themselves produce an array of mediators, including cytokines and other proinflammatory proteins that encourage more eosinophil activation and recruitment. This process is likely responsible for the ongoing tissue damage and subsequent signs and symptoms of this chronic disease.
Despite the current knowledge, many questions remain. What causes EoE? What is the role of food and environmental allergens? Why are we seeing increasing numbers of patients with this disease? Is EoE the same disease in all individuals or are there differences in the mechanisms of disease that lead to phenotypic differences in patients? There are many confounding factors that may have a role including gender, coexisting atopy, and age. Future studies will continue to build upon the work highlighted in this review.
